type 1 diabetes; insulin secretion; pancreatic ducts TYPE 1 DIABETES MELLITUS (T1DM) develops as a consequence of autoimmune-mediated loss of ␤-cell mass and function (1) . Survival for individuals with type 1 diabetes requires daily exogenously administered insulin by injection. Although it is now possible for individuals with T1DM to maintain blood glucose concentrations close to goal much of the time, this is accomplished only with a substantial intrusion on quality of life and at the risk of recurrent hypoglycemia (9) . For these reasons, the concept of a cell-based therapy has been explored as a strategy to restore ␤-cell mass and function in T1DM (2, 20) . To be useful, such a cell-based therapy would require an abundant supply of cells that could be implanted safely, avoid immune rejection, and secrete insulin in a glucose-dependent manner that closely recapitulates the dose response of the endocrine pancreas in vivo.
Human embryonic stem cells have the property of selfrenewal, thus potentially providing an unlimited supply. However, the development of human embryonic stem cells into functional pancreatic ␤-cells is not a trivial challenge. Several efforts have been reported with varying degrees of success (7, 10, 11, 13, 24) . To date, the most promising data come from the NovoCell (now ViaCyte) group that reported development of islet-like structures after implantation of pancreatic endoderm (PE) derived from human embryonic stem cells into immune-deficient mice (13) . However, a number of important hurdles remain before this advancement can be exploited as a potential therapy for humans. First, as with all scientific advances, it is necessary to reproduce the advance. Second, given the propensity of human embryonic stem cell-derived implants to develop teratomas, a means must be developed to implant the cells that are protected against tumor formation. Third, given the fact that any implant of human embryonic stem cell-derived tissue would be an allograft, some means to provide protection of the implanted cells must be established. Finally, given the narrow therapeutic window for insulin secretion, newly formed cells must secrete insulin in a tightly regulated glucose-sensitive manner, particularly to prevent fatal hypoglycemia.
To date, there have been limited physiological studies of insulin secretion in animals implanted with human embryonic stem cell-derived endoderm, in part because the implants have exclusively been in mice with a limited blood volume (7, 13, 24) . The issue of immunoprotection of allograft transplants has recently been examined by use of the TheraCyte encapsulation devices developed originally in the hope of permitting islet xenotransplantation (15, 23, 25) . When these devices were loaded with human fetal islet cell-like clusters (fetal age 18 -24 wk) and implanted into immunodeficient mice, it was reported that functional ␤-cells developed within the devices (15) . These authors suggested that the same devices might accommodate human embryonic stem cell-derived PE, thereby offering both immune protection of the allogenic endoderm as well as the means to limit the risk for teratoma or other tumor spread from the site of implantation (15) .
In the present study, our first objective was to reproduce and extend the studies of Novocell by implanting human embryonic stem cell-derived PE from Novocell into the epididymal fat pad of athymic nude rats. The rat permits more compre-hensive physiological studies than mice due to the greater blood volume. This facilitated our second objective, which was to establish the metabolic characteristics of the athymic nude rat (insulin sensitivity and glucose-stimulated insulin secretion), since this model has not previously been characterized for metabolic studies. Having established this, we then sought to determine whether ␤-cells derived from the implanted endoderm in the nude rat are responsive to glucose stimulation and how this compares with physiological insulin secretion in the same model. Our final objective was to test the hypothesis that human embryonic stem cell-derived PE can develop when encapsulated in the TheraCyte immunoisolation encapsulation device and, if so, provide an approach to overcome the barriers of immunoprotection of the graft and protection against teratoma or other tumor formation from the human embryonicderived endoderm.
RESEARCH DESIGN AND METHODS

Study design.
A total of 15 congenitally athymic "nude" male rats (Crl: NIH-Foxn1) and six wild-type male (Sprague-Dawley) rats at 5 mo of age were used in the current study. Wild-type rats were bred and housed individually at the University of California Los Angeles (UCLA) animal housing facility and subjected to standard 12:12-h light-dark cycle. Metabolic data for wild-type rats has previously been published elsewhere (18) . Athymic nude rats were purchased from Charles River Laboratories and upon arrival to UCLA kept in laminar flow units inside the certified "pathogen-free" UCLA vivarium facility and subjected to a standard 12:12-h light-dark cycle. The UCLA Institutional Animal Care and Embryonic Stem Cell Research Oversight Committees approved all experimental procedures. First, to validate the nude rat model for the study of glucose metabolism, we examined fasting metabolic characteristics, glucose-stimulated insulin secretion, and insulin sensitivity in athymic nude rats compared with age-matched wild-type controls. Second, we implanted athymic nude rats with PE derived from human embryonic stem cells (Novocell) either by implantation into the epididymal fat pads (n ϭ 5) or by subcutaneous implantation into TheraCyte encapsulation devices (n ϭ 5). Following PE implantation, animals were subjected to sequential blood draws every 2 wk to monitor blood glucose and anticipated appearance of human insulin and C-peptide secretion.
In vivo measurements of insulin secretion and insulin sensitivity. To validate the athymic nude rat model for the study of glucose metabolism, we performed hyperglycemic clamps to examine glucose-stimulated insulin secretion and hyperinsulinemic euglycemic clamps to determine insulin sensitivity. Animals were first anesthetized with isoflourane (2.5%) by inhalation, and indwelling catheters were then inserted into the right internal jugular vein and left carotid artery for subsequent in vivo metabolic studies, as described previously (19) . After surgery, all rats were allowed 5 days to recover, and they all maintained preoperative body weight and had normal food intake and mean hematocrit (Ͼ40%). To assess glucose and argininestimulated insulin secretion, wild-type and athymic nude rats underwent a hyperglycemic clamp followed by an arginine bolus injection, as described previously (17) . In brief, following a 30-min equilibration period (Ϫ30 to 0 min), plasma samples were taken for measurement of baseline fasting glucose and insulin. Thereafter, animals received an intravenous glucose bolus (375 mg/kg) followed by a variable 50% (wt/vol) glucose infusion to clamp arterial glucose concentrations at ϳ250 mg/dl (0 -70 min). At t ϭ 60 min, rats received a bolus injection of L-arginine solution (1 mmol/kg; Sigma, St. Louis, MO). Arterial blood samples (50 l) were taken at baseline (Ϫ30 and 0 min), 1 min, and 5 min and every 15 min thereafter during the clamp for immediate determination of plasma glucose and subsequent analysis for insulin. Two days later, the same group of animals underwent a hyperinsulinemic euglycemic clamp to measure insulin sensitivity. Following an equilibration period, a constant infusion of regular human insulin (Novolin; Novo Nordisk, Princeton, NJ) at 4 mU·kg Ϫ1 ·min Ϫ1 was initiated and continued until the end of the clamp (0 -120 min). Plasma glucose levels were determined every 10 min, and glucose (50% wt/vol) was infused (5-120 min) to clamp plasma glucose levels at ϳ100 mg/dl. Rates of exogenous glucose infusion were recorded to assess whole body insulin sensitivity.
PE implantation. All implantation procedures were conducted by representatives from ViaCyte. PE implantation methods were based on a protocol published by Kroon et al (13) . In short, for epididymal fat implantation, rats were anesthetized with isoflourane (2.5%) by inhalation until effect, and the right epididymal fat pad was carefully externalized. Subsequently, three Gelfoam discs each containing 15 l of cell aggregate slurry (0.5 ϫ 10 7 cells each) were wrapped in the epididymal fat pad tissue and secured by veterinary adhesive. For TheraCyte device implantation, each sterile TheraCyte encapsulation device was first loaded with 45 l of cell aggregate slurry (1.5 ϫ 10 7 cells each) and subsequently implanted in left dorsal subcutaneous space using blunt forcep dissection. All animals recovered fully from the procedure and maintained consistent body weight and food intake following either fad pad or TheraCyte implantation.
Glucose tolerance test. To assess graft ␤-cell function, we performed a glucose tolerance test 18 wk after original graft implantation. All rats were fasted overnight for 12 h prior to glucose administration. Subsequently, glucose solution (50% dextrose) was administered by intraperitoneal injection at 2 mg/kg body wt. Blood samples (100 l) were taken by venopuncture at baseline and 30 min postinjection for immediate determination of blood glucose and subsequent analysis for human insulin and human C-peptide plasma concentrations.
Immunohistochemistry and immunofluorescence. At 20 wk past implantation, rats were euthanized by injection of pentobarbital sodium (120 mg/kg), and both epididymal and TheraCyte grafts were removed from euthanized rats and fixed in 4% paraformaldehyde overnight at 4°C. Paraffin-embedded pancreatic sections were obtained, deparaffinized in xylene, rehydrated in ethanol gradient, and stained in Harris Hematoxylin Solution (HHS16; Sigma) and Eosin Y Solution (HT110132; Sigma). For immunofluorescence, antigen retrieval was performed via microwave heating in citrate buffer (H-3300; Vector Laboratories, Burlingame, CA). Slides were blocked in TBS (3% BSA, 0.2% Triton X-100, 2% donkey serum) for 1 h. The following primary antibodies were used for 12-h incubation: insulin (guinea pig, 1:100; Zymed, Carlsbad, CA), somatostatin (rabbit, 1:50; DAKO, Carpinteria, CA), glucagon (rabbit, 1:500; ImmunoStar, Hudson, WI), pancreatic polypeptide (rabbit, 1:50; DAKO), cytokeratin (mouse, 1:50; Sigma), amylase (goat, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA), and pancreatic duodenal homeobox-1(PDX-1; rabbit, 1:1,000; Millipore, St. Louis, MO). Secondary antibodies labeled with Cy3 and FITC were obtained from Jackson Laboratories (West Grove, PA) and used at dilutions of 1:100 for 1-h incubation. Images were obtained and imaged using Leica DM600 microscope (Leica Microsystems, Wetzlar, Germany) and acquired using OpenLab software (Improvision). Tiled images were made into montages using Image J software (National Institutes of Health).
Analytical procedures. Plasma glucose concentrations were measured by the glucose oxidase method (YSI, Yellow Springs, OH). Rat plasma insulin was measured using competitive colomiteric enzymelinked immunosorbent assay (Alpco Diagnostics, Salem, NH). Human insulin and human C-peptide were measured by competitive colomiteric enzyme-linked immunosorbent assays (Mercodia, Uppsala, Sweden). The limit of detection for human insulin was 6 pmol/l and for human C-peptide 15 pmol/l.
Statistical analysis. Statistical analysis was performed using ANOVA with Fisher's post hoc analysis (Statistica, version 6; Statsoft, Tulsa, OK). Data in graphs and tables are presented as means Ϯ SE. Findings were assumed to be statistically significant at P Ͻ 0.05. 
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RESULTS
Metabolic characteristics, insulin sensitivity, and insulin secretion of the athymic nude rat. At 5 mo of age, fasting glucose concentrations were comparable in athymic nude rats and age-matched wild-type controls (98 Ϯ 2 vs. 106 Ϯ 4 mg/dl; Supplemental Fig. S1 ; Supplemental Material for this article can be found online at the AJP-Endocrinology and Metabolism web site). However, despite comparable glucose levels, systemic fasting plasma insulin concentrations were lower in nude rats (69 Ϯ 16 vs. 299 Ϯ 57 pmol/l, P Ͻ 0.05; Supplemental Fig. S1 ), implying increased insulin sensitivity. Consistent with this, nude rats exhibited reduced body weight (364 Ϯ 25 vs. 571 Ϯ 27 g, P Ͻ 0.05; Supplemental  Fig. S1 ).
To evaluate glucose-mediated insulin secretion, we next performed hyperglycemic clamp studies in which by design plasma glucose levels were maintained at ϳ250 mg/dl (Supplemental Fig. S2A ). In response to hyperglycemia, both nude and wild-type rats demonstrated a robust increase above basal in glucose-and arginine-stimulated insulin secretion (Supplemental Fig. S2B ). However, absolute insulin secretion (in response to glucose and arginine) was (50 -80%) lower in nude rats compared with wild type (Supplemental Fig. S2B ). To elucidate insulin sensitivity, we next performed hyperinsuline- 
Data are expressed as means Ϯ SE. Fig. 1 . Glucose tolerance test in "nude" rats at 18 wk following either epididymal fat pad or TheraCyte device pancreatic endoderm implantation. A-C: individual data points for glucose, human insulin, and human C-peptide at fasting (fast) and 30 min after intraperitoneal (ip) glucose injection in nude rats implanted with pancreatic endoderm into the epididymal fat pad. D-F: individual data points for glucose, human insulin, and human C-peptide at fasting and 30 min after ip glucose injection in nude rats with subcutaneously implanted pancreatic endoderm in TheraCyte devices.
E715 HUMAN EMBRYONIC STEM CELL-DERIVED ENDODERM IN NUDE RATS
mic euglycemic clamp studies. By design, plasma glucose and insulin concentrations were comparable during the hyperinsulinemic euglycemic clamps in nude and wild-type rats (Supplemental Fig. S2C ). Whole body insulin sensitivity, assessed by the mean glucose infusion rates during the hyperinsulinemic clamp, was 50% higher in nude vs. wild-type rats (Supplemental Fig. S2D) . Consequently, the disposition index (calculated as a product of insulin secretion and insulin sensitivity) was comparable in athymic nude rats and age-matched wild-type controls (Supplemental Fig. S2E) . Therefore, these studies established that nude rats demonstrate robust glucose-stimulated insulin secretion and higher insulin sensitivity compared with age-matched wild-type rats.
Human insulin, C-peptide, and blood glucose concentrations with time in implanted nude rats. Having established the basic glucose metabolic parameters of the nude rat, we next implanted nude rats with PE derived from human embryonic stem cells either by implantation into the epididymal fat pads (n ϭ 5) or by subcutaneous implantation into TheraCyte encapsulation devices (n ϭ 5). We subsequently monitored changes in body weight and fasting glycemia. Neither body weight nor fasting glucose levels changed significantly vs. baseline during the 18-wk period postimplantation (Table 1 ).
In contrast to previous studies in mice (13) in which robust fasting human C-peptide levels were observed by 10 wk postimplantation (values ranged from 333 to 835 pmol/l), human C-peptide and insulin were undetectable in any animal by biweekly testing until 18 wk after implantation. At 18 wk postimplantation, fasting human C-peptide and insulin were detectable, but at very low levels (C-peptide range: 7-152 pmol/l; insulin range: 1-38 pmol/l) in rats in which endoderm was implanted into the fat pad (Fig. 1, A-C) . However, there was no increase in human C-peptide and insulin levels after glucose challenge in those animals (Fig. 1, A-C) . At 18 wk postimplantation, fasting C-peptide and insulin were not detected in any of the five rats in which endoderm was implanted into the TheraCyte encapsulation device (Fig. 1, D-F) and detected in only 1 rat following the glucose challenge, but only at the level slightly above the limit of assay detection (e.g., C-peptide ϭ 25 pmol/l with a detection limit of 15 pmol/l). Although our initial objective was to perform additional comprehensive metabolic studies to examine glucose-and argininestimulated insulin secretion as well as insulin sensitivity in these rats, the absence of meaningful C-peptide/insulin secretion from the endodermal implants 18 wk postimplantation rendered these additional studies futile. 
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Pancreatic endocrine and exocrine cell development in PEimplanted nude rats. After the completion of metabolic studies, we removed the epididymal fat pad transplants or the TheraCyte devices from the nude rats to analyze the fate of transplanted cells. Fibrous masses were removed from the fat pads of rats that were transplanted with Gelfoam discs and cell slurry and were fixed, dehydrated, and processed for immunohistochemical analysis. Hematoxylin and eosin staining of sections from fibrotic fat pad implants revealed extensive duct-like epithelial structures within a stromal matrix (Fig. 2) . Implants from animals that had detectable human insulin were larger than implants than those in which human insulin was not detectable (Fig. 2, A and B) . In the former implants the ductal structures were smaller, the stromal matrix was denser, and small epithelial cell clusters were scattered throughout the implant. To determine whether the implants contained any pancreatic cells, sections of the implants were evaluated by immunofluorescence for all of the mature pancreatic endocrine and exocrine cell types. In total, 14 of 15 (3 grafts/animal were implanted) epididymal grafts were retrieved successfully at the completion of the study. The fraction of the implant positive for insulin in these three grafts varied from 0 to 3.6%, with a mean of 0.8 Ϯ 0.3% (Fig. 3) . In total, seven of 14 grafts were completely devoid of any detectable islet cells. Further evaluation of the implants that contained pancreatic endocrine cells revealed the presence of all four major endocrine hormoneexpressing cells. Most endocrine cells were together in clusters (Fig. 4A) , whereas some appeared to "stream" or migrate from pancreatic ductal-like structures, reminiscent of islet formation during embryogenesis (Fig. 4B) . Within the endocrine clusters, most cells were positive for a single hormone, but doublehormone-positive cells were also present (Fig. 4C, white arrow) , reminiscent of islets during embryogenesis. The implants rarely contained exocrine cells that were amylase positive, and any amylase cells detected were scattered single cells (Fig. 5A) . Implants that contained pancreatic endocrine cells also contained PDX-1-positive duct cells scattered throughout the pancreas, suggestive of ongoing ␤-cell neogenesis (Fig. 5, B and  C) . Fractional ␤-cell area and ␤-cell mass of the endogenous pancreas were not significantly different among control nude rats or nude rats implanted with PE into either epididymal fat pads or the TheraCyte device (Supplemental Fig. S4 ).
TheraCyte devices removed from the subcutaneous space were encased in fibrotic tissue (Supplemental Fig. S3A ). Small samples of each device were split open to expose the inner cell compartment (Supplemental Fig. S3B ). There was no evidence of islet-like clusters or fibrotic growths in the inner cell compartment by hematoxylin and eosin staining (Supplemental Fig. S3C ). However, since in one rat we did observe detectable human C-peptide levels (albeit marginally above the detection Fig. 3 . A: examples of epididymal pancreatic endodermal grafts extracted at 20 wk posttransplantation from nude rats. Representative examples of 6 epididymal pancreatic endodermal grafts stained by immunofluorescence for insulin (red) and nuclei (blue) at ϫ4 magnification taken from 5 different nude rats. B: quantification of insulin positive area from 14 different epididymal pancreatic endodermal grafts extracted from 5 nude rats after euthanization. Note that, in total, 3 grafts/animal (total of 15) were implanted at the beginning of the study, with 14 successfully retrieved following the completion of the study.
limit of the assay) following glucose challenge, it is possible that the small amount of implanted tissue in this rat was lost during tissue processing.
DISCUSSION
In the present study, our first objective was to reproduce the findings of a prior report with the human embryonic stem cell-derived endoderm implanted into the nude mice reported to develop glucose-sensitive insulin secretion (13) . Unfortunately, the present studies only partially reproduce those findings, showing only limited endocrine cell development over a much longer time period than required in the prior report and only in a subset of rats. Moreover, we were unable to identify any endocrine cells histologically or any meaningful human C-peptide/human insulin secretion in rats in which the human embryonic stem cell-derived endoderm was implanted after encapsulation in the TheraCyte devices.
Although the findings in the present study are disappointing, they do serve as a reminder of the barriers and challenges that remain before human embryonic stem cell-derived therapy can be seriously contemplated for therapy in type 1 diabetes. The failure of pancreatic endoderm to develop into significant functional endocrine tissue when implanted into the same site (fat pad) in the nude rat as implanted previously in mice can be due to several possible causes. It is unlikely to be due to insufficient cells implanted or technical issues of implantation since representatives from Novocell provided and participated in the implantation of the endoderm in the present experiments and the cell numbers were adequately scaled up to be at least equivalent to that in the prior mouse studies. It is conceivable that following implantation of the pancreatic endoderm the nude rat model is a less accommodating host than the athymic nude mouse model. It is reported here for the first time that the athymic nude rat is relatively insulin sensitive compared with the Sprague-Dawley rat, and it is possible that this metabolic environment is not ideal to foster islet formation. Additionally, in nude rats (as in nude mice) occasional immune cells with T cell characteristics begin to emerge as the animal ages (14) .
However, similar low efficiency of differentiation to insulinexpressing cells from human embryonic stem cells using an analogous protocol have been reported previously (8) . It is important to provide a clarification about the methods used and results obtained in this study. After our current studies were only partially successful in generating ␤-cells, our former collaborators at NovoCell informed us that the specific protocol they used to develop the endoderm supplied for the current studies differed from that used in the cited paper of Kroon et al. (13) . They also stated that the endoderm arising from this altered protocol did not develop in their own mice, as reported previously. However, because we were not provided with details of the changes in the Kroon et al. (13) protocol used to generate the endoderm supplied by NovoCell for the studies reported here, nor were the data obtained by NovoCell with this endoderm, we are unable to provide them.
The histology of the implants that contained elements of pancreas conveyed several interesting parallels with pancreas during embryonic development and the early postnatal period. When islet-like structures were present, they were often related to exocrine ducts, with the appearance of budding of islets from ducts previously described in pancreatic development (4) . Similarly, we observed frequent expression of PDX-1-positive cells within pancreatic exocrine ducts. Endocrine cells when present were occasionally double-hormone positive as present in human islets before 10 wk of gestation (3, 21) . The majority of the implants even in those that contained abundant endocrine cells were positive for cytokeratin and assumed small pancreatic duct-like structures with very high rates of replication, whereas pancreatic acinar cells were rarely present (4) .
In summary, epididymal fat-implanted pancreatic endoderm derived from human embryonic stem cells progressed to develop predominantly exocrine duct-like tissue (ϳ99% of implant) and occasional islet-like structures (ϳ0.8% of implants) in seven of 14 retrieved mesenteric fat pad implants. Human insulin and C-peptide were detectable in some rats but only at low, clinically insufficient levels, and insulin secretion in implanted rats was not glucose responsive. There was no development of viable tissue when human pancreatic endoderm was implanted in the TheraCyte encapsulation devices. These studies affirm that islet-like structures do develop from human embryonic cells differentiated to pancreatic endoderm ex vivo by the protocol developed and published by NovoCell. However, the extent of islet formation and its function is not yet sufficiently reproducible to be clinically useful. Moreover, effective strategies are not yet available to protect human embryonic stem cell-derived endoderm implants from immune rejection or the risk of dissemination of any tumor arising from the implant. 
